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Summary
Objective: To quantify changes to the trabecular structure in the femoral heads of patients with hip osteoarthritis (OA).
Methods: Patients with OA (nZ 14; FZ 7), mean (standard deviation age) 50.6 (10.1) years, had macroradiographs at approximately !4
magniﬁcation at baseline and 18 months later using a standardized protocol. Following digitization, computerized measurement was obtained
of minimum hip joint space width and fractal signature analysis (FSA) measured longitudinal changes separately in the principal compressive
(vertical) and horizontal trabeculae at the region of interest within the centre of the head.
Results: The patient group had mean annual rate of joint space narrowing of 0.14G 0.36 mm/yr. FSA detected no signiﬁcant changes in
horizontal trabeculae, whereas the larger principal compressive (vertical) trabeculae (0.96 mm to 1.02 mm) increased signiﬁcantly in thickness
and the ﬁne to medium trabeculae (0.18 mm to 0.54 mm) decreased signiﬁcantly in number.
Conclusion: The increased thickness of the larger trabeculae within the compressive structural element of the femoral head is a response to
the increase in stress associated with an overall loss of trabeculae in this region, suggesting the presence of an osteoporosis within the
femoral head in OA patients.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Bone changes in osteoarthritis (OA) have characteristically
been described as an increase in subchondral sclerosis1,2,
changes that are attributed to alterations in loading across
the joint due to the reduction and loss in articular cartilage
thickness3. However, several studies have suggested that
the cancellous bone changes include a loss of trabeculae.
This has been detected in experimental animal models4,5,
and bone mineral density (BMD) studies have shown that
bone in the subchondral and deeper subarticular region of
the femoral head6 and tibia7 is hypomineralized in patients
with OA. Structural alterations in the proximal tibia reﬂecting
the results of the BMD studies have been obtained from the
computerized method of textural image analysis called
fractal signature analysis (FSA)8e10. Although a preliminary
study in patients with early knee OA had reported
thickening of medium to large sized horizontal trabeculae
in the medial subchondral region in knee OA8,9, subsequent
investigations, using FSA, have shown signiﬁcant and
progressive loss of small to large sized vertical trabeculae
in the subchondral and subarticular regions of both the
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Received 17 September 2004; revision accepted 20 June 2005.99medial (diseased) and lateral tibial compartments10. This
method of in vivo quantiﬁcation of the structural changes in
bones of joints employed high deﬁnition macroradiogra-
phy11,12, which records the ﬁne detailed structural organi-
zation of cancellous bone, and FSA8,13 that quantiﬁes the
pattern of trabecular organization recorded in the macro-
radiograph. Previously, FSA has been used to quantify
changes in the lumbar spine of post-menopausal women14
where vertebrae of reduced bone mineral content had an
increase in fractal dimension due to a greater number of ﬁne
vertical trabeculae associated with fenestration of the
coarse trabeculae. FSA of the subchondral region of the
tibia of patients with knee osteoarthritis9 and those with
anterior cruciate ligament rupture15 showed a decrease in
the fractal dimension associated with thickening of the
horizontal trabeculae and a reduction in trabecular number
associated with the merging of adjacent trabeculae.
To further understand cancellous bone changes in OA
joints, this preliminary investigation undertook an analysis
of the alterations in trabecular organization from macro-
radiographs of patients with hip OA over an 18-month
period. The region selected for assessing these changes
was the centre of the femoral head, a site comprising both
the principal compressive or load-bearing trabeculae
associated with the transfer of loads and the cross-bracing
tensile trabeculae. Disease related changes to these
structures in the subarticular region would be away from
those associated with the articular surface of the OA joint.
Evaluating cancellous bone changes within a short-term
longitudinal study would permit the assessment of principally8
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other processes such as ageing16,17.
Patients and methods
Following ethical committee approval obtained from the
West Sussex Ethics Committee, 14 patients (7M, 7F; mean
[standard deviation (SD)] age 50.6 (10.1) years and body
weight 76 (11.7) kg) were recruited from those attending the
hospital based Rheumatology clinics. All patients were
diagnosed according to the standard criteria for hip OA18,
they had radiographic features of joint space narrowing
(JSN) and presence of osteophytes, and had pain in one or
both hips for most days in the last month. These were
carefully examined clinically to exclude other types of
arthritis, evidence of trauma, previous surgical intervention,
or treatment with corticosteroids. Drug therapy was not
controlled in these patients.
MACRORADIOGRAPHS AND DIGITIZATION
OF MACRORADIOGRAPHS
High deﬁnition posteroanterior macroradiographs11,12 of
both hips were obtained at magniﬁcations between!3 and
!5 in the standing view employing a protocol adapted from
that for standard radiography19. Patients were asked to
stand with their weight equally distributed between their
legs. The centre of the joint, deﬁned by the femoral head,
was aligned with the centre of the X-ray beam with the aid of
a cross-optic laser. Fluoroscopy was used to conﬁrm the
position of the femoral head in the centre of the ﬁlm. The
position of their feet was drawn on paper in order to
reproduce exact repositioning for the subsequent radio-
graph. Radiographic magniﬁcation was determined from the
ratio of the ﬁlm to focus and focus to object distances, the
latter being deﬁned by the position of the greater trochanter.
Baseline radiographs were repeated 18 months later.
All macroradiographs were digitized using the high
resolution Lumysis 200HR laser ﬁlm digitizer (Lumysis,
Sunny Vale, CA) at a pixel resolution of 60 mm by 60 mm
(after correction for magniﬁcation) and the images were
stored and analysed with a Sun SPARCstation, model 20/61
(Sun Microsystems Ltd). Programs written in CCC were
used to calculate joint space width (JSW) and fractal
signature13,14 of the region of interest (ROI).
JSW MEASUREMENT
A semi-automated computerized method of JSW mea-
surement20,21 was used in this study to measure minimum
JSW from each of the hip radiographs. The coefﬁcient of
variation for the method of JSW measurement was 1% for
test re-test repeat radiographs22. Images were measured
individually and not in serial pairs and blind to patient
information and the chronology of the images. JSN was
determined from the difference in JSW between the
baseline and exit ﬁlm.
REGION OF INTEREST
The ROI selected for the assessment of trabecular bone
structure was located in the centre of the femoral head, at
the intersection between the vertical load-bearing and
horizontal (tensile) trabeculae (Fig. 1). The ROI with anarea of 100! 100 pixels (equivalent to 6! 6 mm after
correction for radiographic magniﬁcation), positioned above
Ward triangle, was rotated by 15( medially (towards the
mid-line) so as to align the axis of the ROI box with that of
the principal trabeculae at this site.
FRACTAL SIGNATURE ANALYSIS
The sensitivity of fractal analysis in detecting bone
changes in short-term longitudinal studies has been pre-
viously demonstrated using FSA23e25. The fractal dimen-
sion of cancellous bone assesses its composite nature
determined principally by trabecular number, spacing and
cross connectivity26. Studies have shown that the method is
sensitive to alterations in the trabecular number and
thickness24,27. Unlike other methods, which calculate
a mean fractal dimension from the overall appearance of
cancellous bone8, the FSA technique measures the fractal
dimension separately for vertical and horizontal trabeculae
over a range of scales corresponding to the range of
trabecular widths, identiﬁed as the ‘fractal signature’28.
STATISTICAL ANALYSIS AND PRESENTATION OF DATA
Changes in the vertical and horizontal trabecular struc-
tures between baseline and 18 months were determined
using 95% conﬁdence intervals (CI) and paired t tests.
Statistically signiﬁcant fractal signature differences were
determined at PZ 0.05 for each trabecular size measured.
To simplify graphical presentation, the mean fractal
signature of the ﬁrst visit was subtracted from that of the
exit visit. Each graph presented the differences in fractal
signature for the range of trabecular sizes from 0.12 mm to
1.14 mm. Data points below the abscissa corresponded to
a decrease in complexity of the image texture (reduction in
the fractal dimension (FD)), whereas those above the
abscissa corresponded to an increase in complexity
(increase in the FD).
Fig. 1. Diagram of a femoral head showing the position of the
6! 6 mm ROI used to calculate the FSA for vertical and horizontal
trabeculae.
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Fig. 2. Graph of the mean differences in fractal dimension for vertical trabecular structures between baseline and exit macroradiograph. The
values for the CI lines that do not cross the abscissa correspond to statistically signiﬁcant changes in the fractal dimension for those sizes of
trabeculae.Results
All macroradiographs of the hips showed evidence of
osteophytosis. Eight hips had early disease with a JSW
!4 mm andO3 mm, 17 had moderate disease with a JSW
%3 mm and O1.5 mm, and three had marked OA with
a JSW!1.5 mm. JSW had a meanG SD baseline value of
2.45G 0.85 mm (range 3.96e0.41 mm) and a meanG SD
value of 2.23G 0.88 mm (range 3.39e0.14 mm) at exit. The
meanG SD JSN over the 18-month period was
0.22G 0.59 mm giving a mean annual rate of
0.14G 0.36 mm/yr.
CANCELLOUS BONE CHANGES IN THE FEMORAL HEAD
Vertical trabecular structures
Compared to baseline, the exit ﬁlms showed that the FD
of vertical trabeculae had decreased signiﬁcantly
(P! 0.05) in small to medium sized structures,
0.18e0.54 mm, as well as large sized features,
0.96e1.02 mm (Fig. 2), over the 18-month period.
Horizontal trabecular structures
Compared to baseline, apart from an overall trend towards
a reduction in the FD of the trabeculae at 18 months (Fig. 3),there was no statistically signiﬁcant difference in the
trabecular organization between X-ray visits.
Discussion
The patients recruited into this study with hip OA had
a mean rate of JSN consistent with progressive joint
disease and similar to that reported by others29,30. We
were unable to draw comparisons with cancellous bone
organization detected in a non-arthritic patient group as
Ethical Committee directive precluded radiographic exami-
nations of healthy subjects. Nonetheless, we found that the
assessment of longitudinal changes in the OA subjects
provided insight into the pattern of changes that occur in
patients with hip OA. This was too short a study for age-
related changes since the duration was only 18 months.
Further, previous cross-sectional work has shown that
increasing age results in thinning of mostly ﬁne trabecu-
lae7,31 and not the range of trabecular sizes reported herein.
FSA quantiﬁed signiﬁcant change in trabecular bone
structure over the 18-month period in the OA hip patients. In
these patients, the principle ﬁnding was a signiﬁcant
decrease in FSA of vertical trabeculae, with horizontal
trabeculae showing a similar but not statistically signiﬁcant
trend (Figs. 2 and 3). The decrease in fractal signature-0.15
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Fig. 3. Graph of the mean differences in fractal dimension for horizontal trabecular structures between baseline and exit radiograph. There
were no statistically signiﬁcant changes in the fractal dimension of horizontal trabeculae during the study period.
1001Osteoarthritis and Cartilage Vol. 13, No. 11Fig. 4. Part of a macroradiograph of the centre of the femoral head showing the cancellous changes in the ROI used in quantifying alterations
in bone structure. (A) Baseline radiograph (B) 18 months later showing thickened coarse vertical trabeculae and an overall reduction in
trabecular number. The oblique line crossing the image is a scanning artefact. Original magniﬁcation !3.4, reproduced at !5.8.occurred as a consequence to a decrease in image
complexity and is caused by one of two separate and
distinct remodelling processes, either trabecular thicken-
ing9,15, or a reduction in trabecular number24. The decrease
in the fractal signature in the large vertical trabeculae (size
range 0.96e1.02 mm) is consistent with an increase in their
thickness and an associated decrease in their number. This
was visible in the hip macroradiographs (Fig. 4), where,
compared to the baseline image, the principal load-bearing
vertical trabeculae were thicker in the ﬁlms taken at 18
months. Whereas, the decrease in the fractal signature for
the ﬁne to medium sized vertical trabeculae (size range
0.18e0.54 mm) represented a reduction in trabecular
number due to thinning and loss. Hip macroradiographs at
18 months revealed increased radiolucency in regions
where ﬁne trabeculae had been present in the baseline
ﬁlms (Fig. 4), conﬁrming that the measured decrease in ﬁne
to medium vertical trabecular number was visible as
a localized osteoporosis.
These in vivo ﬁndings are supported by detailed
histomorphometric analyses of surgically excised femoral
heads32e34, in which they found a similar and signiﬁcant
decrease in trabecular number and an associated increase
in trabecular thickness. They suggested that the increased
trabecular thickness maintained the biomechanical strength
of the bone and compensated for the decrease in bone
quality evident in the reduced trabecular numbers32,33. The
increased trabecular thickness in the femoral head of OA
hips must be viewed within the context of an overall
reduction in the principal compressive trabeculae. This is
manifest not only in the loss of ﬁne to medium sized
structures (range 0.18e0.54 mm, Fig. 2) from this region but
also by the effect of the remodelling of the larger vertical
trabeculae. Since the principal compressive trabeculae
within the head are under continuous mechanical loading,
the bone responds in accordance with Wolff’s law35 and
increases trabecular thickness. This enhanced thickness of
the larger trabeculae within the central region of the head,
together with the presence of the subchondral sclerosis,
would account for the higher BMD recorded in subjects with
moderate to severe hip OA compared to those without36,37,and the role of the increased mineral content in the
pathogenesis of hip OA38.
The reduction in trabecular number within the femoral
head reported here and in histomorphometric studies32e34,
is attributable to the protective effect the zone of subchon-
dral sclerosis has upon the subchondral bone28,32,39,40. The
absorption of the articular stresses by the subchondral
sclerosis reduces load transmission to the deeper sub-
articular region resulting in a localized osteoporosis2, similar
to the effect of ‘stress shielding’ observed in the bone under
metal prostheses41,42. The loss of the structural elements
results in an inadequate trabecular structure that contrib-
utes to the thickening of the large weight bearing
trabeculae.
In conclusion our ﬁndings indicate that in hip OA, the
increased thickness of the larger trabeculae within the
compressive structural element of the femoral head is
a response to the increase in stress associated with an
overall loss of trabeculae in this region. These ﬁndings
support that of a previous study of bone changes in excised
osteoarthritic femoral heads32 and conﬁrm the presence of
osteoporosis in the hips of OA patients. These ﬁndings are
similar to those that we have reported for the tibia of OA
knees9,28, indicating that a localized osteoporosis is
a feature of large OA joints.
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